A combined simulation and experimental approach is used to investigate vapor deposition onto model doublet guide vane substrates found in gas turbine engines. These substrates contain surface regions that are not visible to the vapor source. Particular attention is given to coatings on interior surfaces of the doublet airfoil geometry, which are only accessible through the leading and trailing openings of the doublet airfoil substrate. Deposition of nickel is simulated for several flow conditions and vane separation distances, using a direct simulation Monte Carlo method. The simulated coating thickness predictions are then evaluated by comparison with experimentally deposited nickel coatings. Coating uniformity along interior surfaces was found to be highly sensitive to deposition conditions, and to the separation distance between the pair of airfoils. Coating thickness on these surfaces were found to vary with the ratio of laminar flow distance through the interairfoil channel to the transverse diffusion distance across the channel gap; a parameter which can be applied to optimize the coating of many interior channel-like substrate using gas jet assisted deposition concepts.
I. INTRODUCTION
Many industrial applications require coatings to be applied to nonplanar substrates. Examples include the application of thermal barrier coatings (TBCs) to gas turbine engine components, [1] [2] [3] [4] [5] [6] wear-resistant coatings to cutting tools, 7 and biocompatible coatings applied to medical implants. 8, 9 These applications often require relatively thick (10-100 lm) coatings, which necessitate the use of high rate deposition methods. 10 These requirements have led to the development of several novel growth techniques, including those based upon liquid 11 and vapor phase 12 approaches which are either chemical reaction based 13, 14 or rely upon purely physical mechanisms. 15, 16 Here, the potential use of physical vapor deposition (PVD) techniques is analyzed using the coating of a model doublet guide vane substrate with nickel to illuminate the fundamental issues.
Numerous PVD methods have been used to apply categories of coating. 13, [17] [18] [19] While they are valued for their high deposition rate, coating quality, and low impurity concentrations, they use low deposition pressures to prevent particle formation and ensure atom-by-atom coating growth. At these low pressures, vapor atoms travel in free flight without undergoing interparticle collisions during transport from their source to the substrate. Even though the vapor travels in straight lines, high-vacuum (low pressure) physical vapor deposition techniques such as electron beam-physical vapor deposition (EB-PVD) 20 can deposit coatings on many complex substrate shapes by careful optimization of substrate manipulation and source material emission rate. [21] [22] [23] However, substrates with interior surfaces, such as doublet guide vanes used to control gas flow in gas turbine engines, 24, 25 contain regions that are hidden from sight of the vapor source for all substrate orientations. In order for vapor molecules to access these hidden regions during PVD, the mean free path (MFP) between gas molecule collisions must be smaller than the length of the opening to the inner substrate surfaces. The variation of MFP with pressure for helium at 300 K can be calculated from kinetic theory for an ideal gas, 26 and is shown in Fig. 1 , together with characteristic lengths for several substrate types and the operating pressure ranges of several deposition methods.
Chemical-reaction based methods, including chemical vapor deposition (CVD) approaches such as atomic layer deposition (ALD), are able to operate at pressures where the MFP is significantly larger than the substrate's characteristic length because of the low sticking coefficient of the vapor to the substrate surface. [27] [28] [29] In these methods, vapor molecules can collide with the substrate surface many times before adsorbing to the surface. 30 Vapor can therefore propagate into non-line-of-sight (NLS) regions by multiple reflections. 31 However ALD coatings are typically grown at a rate of $1-5 Å per cycle, each of which takes several seconds, precluding its economical use for the deposition thick coatings. Atmospheric pressure CVD methods can also be used to coat complex shaped components provided the appropriate precursor molecules are available.
Gas jet assisted PVD methods offer the possibility of non-line-of-sight deposition while retaining the high deposition rates achievable with electron beam evaporation and sputtering methods. 15, 32, 33 For example, the electron beam directed vapor deposition process 15 uses a helium gas jet to entrain the vapor emitted during high power electron beam evaporation of a source. Deposition rates of many micrometers per minute are then possible. However, these jet-assisted processes require careful manipulation of deposition parameters to ensure acceptable coating properties. If gas-phase vapor cluster formation is to be avoided, these processes must operate below 60 Pa since the probability of a) Electronic mail: haydn@virginia.edu three-body collisions which nucleate clusters increases rapidly with deposition pressures. 10 A high pressure plasma spray-physical vapor deposition (PS-PVD) method has used to deposit TBC coatings onto model doublet guide-vane substrates similar to those of interest here. 16 However, the gap between the airfoils in this study was sufficiently large that the substrates contained no regions that remained permanently shadowed as they were rotated during deposition. The variation of coating structures with deposition conditions was also not investigated; an issue of concern for a process operating at deposition chamber pressures of 100-1000 Pa.
Here, we apply an atomistic simulation method to investigate the deposition of uniform thickness coatings on all surfaces of a model doublet guide vane substrate containing regions that are never in line of sight of the vapor source. The study focuses upon the effects of the deposition conditions upon coating thickness uniformity and includes an assessment of the effects of the pressure at which deposition is conducted. The study first examines the gas-phase environment near the substrate and its variation with both substrate orientation and deposition conditions. It then compares the simulated coating thickness distributions to experimental results for coatings deposited under the same conditions. Finally, the uniformity in coating thickness is investigated as the process environment is systematically changed from conditions found in high vacuum EB-PVD to those of the high pressure PS-PVD process.
II. METHODS
A two dimensional doublet guide vane substrate geometry was designed for use in both experiments and simulations. Both airfoils were identical in design to that used in previous studies of deposition on single airfoil substrates. 33, 34 The geometry and dimensions of the 2D doublet substrate are shown in Fig. 2 . The airfoils were parallel to each other and attached to flat mounting plates along their sides during experimental depositions. The channel width between the airfoils was defined as the distance between the inner convex and concave surface origins, as indicated on Fig. 2(b) , and varied between 8, 12, and 16 mm. The substrate with the narrowest channel width contained a region (midway along the inner convex surface) that was never in line of sight of the vapor source. The local channel width varied slightly along the channel due to the differing radii of the convex and concave surfaces. During deposition, the substrate was rotated clockwise around the center of rotation defined as the center of the rectangle that completely encompassed the airfoil pair, Fig. 2(a) . A rotation angle, a was defined between the center axis of the gas jet and airfoil (both pass through the center of rotation) as shown in Fig. 2(a) . At a ¼ 0 the gas jet and airfoil axes were coincident.
Surface regions along the interior of the doublet substrate experienced a significant time during the deposition process out of the line-of-sight of the vapor source. The degree of shadowing experienced by these regions varied significantly with the substrate channel width. The strictest definition of a NLS region is a surface area that is inaccessible to any vector originating outside of the substrate's volume. The only substrate configuration studied here that meets this most stringent criterion was the 8 mm channel width, which has a permanently NLS area approximately 1 mm in width located midway (at a coordinate distance of 22.6 mm) along the inner convex surface of the airfoil. However, the inner channel regions at all channel widths were shadowed from the material source for most of a rotation cycle. These "nearnon-line-of-sight" conditions are common in doublet vane geometries. 16, 25 When the gas phase MFP was significantly smaller than the substrate's characteristic length (the channel width in this study), deposition into NLS regions was controlled by the dynamics of the flow transporting the condensable vapor.
A schematic of the EB-DVD deposition geometry used for experimental and computational studies is shown in Fig. 3 . Detailed descriptions can be found in Refs. 3, 15, and 35. Briefly, the system uses a high-voltage electron beam gun to evaporate a source rod located in the throat of a gas jet inlet nozzle. The evaporant is entrained in a carrier gas jet and accelerated toward the substrate. The velocity of the gas jet (composed of 90 at. % He and 10 at. % O 2 ) was controlled by the ratio of the pressure upstream and downstream of the gas inlet nozzle. Large pressure ratios result in higher jet velocities. 15, 36, 37 The maximum jet velocity (located just outside the nozzle exit) is given by
where c is the ratio of specific heats (5/3 for helium), R s is the gas constant [2077 J/(kg K)] for helium, T d is the gas temperature (in degrees K) downstream of the nozzle, P u is the upstream pressure, and P d is the deposition chamber pressure (downstream of the nozzle). Flow velocities calculated using Eq. (1) and determined from simulations of the gas low (containing no vapor) at several pressure ratios (using a chamber pressure of 45 Pa) are shown in Table I . The calculated and simulated maximum velocities are in good agreement. The simulated velocities on the jet axis where the substrate was subsequently positioned (17 cm downstream of the inlet nozzle) are also shown in Table I , and were lower than the maximum jet velocity, but still scaled with that predicted by Eq. (1). A. Simulation methods
The direct simulation Monte Carlo (DSMC) code Icarus developed by Bartel was used for the deposition simulations. 39 DSMC is an atomistic method that models rarefied gas dynamics via direct simulation of the Boltzmann equation. 40 The method uses a subset of virtual "test" molecules to model the behavior of the full ensemble of real molecules. Flow behavior is determined through a cyclic procedure of independent interatomic collision and collision-free propagation time steps. Icarus uses the variable hard sphere (VHS) molecular collision model, which simulates gas molecules as hard spheres with velocity dependent radii. [41] [42] [43] Both the DSMC simulation method, and its application to the simulation of vapor deposition have been described in detail elsewhere. 15, 33, 44 The simulation grid used here for the a ¼ 0 substrate orientation is shown in Fig. 4 . The gas jet was formed by inserting gas atoms/molecules into the nozzle at the lower grid boundary creating a high-pressure nozzle inlet region. These gas species then entered the lower pressure deposition chamber through a choked nozzle. The nickel atom vapor species were input at a constant flux of 8.8 Â 10 20 atoms/m 2 s from a 12.5 mm wide solid grid boundary labeled as "vapor emitting surface" near the exit of the gas inlet nozzle. The maximum volume fraction of Ni atoms was found just above the vapor emitting source surface and reached a maximum of approximately of 0.01%. A total of 2.75 Â 10 18 nickel atoms were emitted during each simulation. The input flux along the inlet carrier gas surfaces was determined through trial and error for each deposition condition. This value was determined by multiplying the flux by the width of the source region and a depth taken to 1 m, and by the total steady-state simulation time of 0.25 s.
The VHS parameters for the Ni atoms were determined from their Lennard-Jones potential parameters using the procedure of Venkattraman and are listed in Table II . Collisions between all vapor species were allowed, although the trace concentration of the vapor atoms made vapor-to-vapor collisions rare. 10 The oxygen molecule used in the simulations was assumed to have two rotational degrees of freedom, as tabulated in Ref. 39 . The chamber pressure was set by applying freestream boundary conditions along the vertical and upper horizontal grid boundaries. A two-dimensional (X-Y) Cartesian grid was used to model the doublet substrates. The simulations performed here utilized the VHS interaction model. In this model, simulated atoms are treated as hard spheres with variable radii dependent on the relative velocity of colliding atoms. The VHS model has been used several times to model metal vapors with the DSMC methods. 42, 43 Although the variable soft sphere (VSS) collision model is better suited for accurate simulation of diffusion-dominate flows, 40 VSS parameters have yet to be determined for the nickel metal vapor of relevance here.
During analysis of the simulation results, each convex and concave substrate surface was divided into forty grid regions. The regions on the concave surfaces had a width of 1.06 mm while those on the (longer) convex surface were 1.14 mm wide. The Ni vapor atoms were assumed to stick perfectly to the substrate surface with a sticking coefficient of unity. All other gas species were diffusely reflected from the substrate surface with a sticking coefficient of zero. As a surrogate for the coatings thickness, a local deposition efficiency for each surface region was determined. The local deposition efficiency was calculated as the number of atoms deposited in each surface region divided by the total number of atoms emitted from the vapor source. Summation of the . The inlet pressure ratio was defined as the ratio of the gas pressure upstream of the nozzle divided by that within the chamber. The cell size was iteratively refined until convergence of the jet flow was achieved. deposition efficiency along the entire substrate resulted in the total fraction of emitted vapor that was deposited on the substrate. Deposition onto rotated substrates was simulated by performing independent simulations at eight stationary substrate orientations (each separated by 45 of rotation). The resulting coating properties were then determined by summing the results from each orientation with equal weighting; equivalent to assuming a constant rotation rate. Simulations were performed for 75 000 unsteady time steps to reach steadystate conditions and then an additional 250 000 to accumulate flow statistics. They were performed on a Linux cluster and required approximately 24 h of wall time using 16 Intel Xeon processor cores.
B. Experimental methods
To verify simulation results, nickel coatings were deposited onto grade 303 stainless steel doublet airfoils using the EB-DVD technique. 3, 45 Experimental deposition conditions were similar to those used for deposition on a single airfoil. 34 A 70 kV/2.45 kW electron beam was used for all depositions. A substrate with a channel width of 16 mm was used, and the substrates were rotated at 6 rpm while held at a temperature of 423 K. This rate and temperature combination was selected to create a columnar microstructure with a constant morphology through the thickness of the coating.
3,46,47 After deposition, the substrates were cross-sectioned, polished and examined in a scanning electron microscope.
The experimental substrate incorporated a pair of mounting plates to hold the airfoils in place and restrict access to the substrate channel through the two ends of the doublet pair. These plates are neglected in the DSMC simulations, due to the two-dimensionality of the simulations. However, these plates provide an additional vapor-sink in experimental depositions, resulting in less vapor depositing on the inner channel surfaces than predicted by the 2D simulations. To minimize this effect, the airfoil thickness (and spacing between mounting plates) was set at 31.75 mm; significantly larger than the interairfoil channel width, and the coating thickness was measured at the midline between mounting plates.
III. RESULTS
A. Simulated flow fields Figure 5 shows DSMC calculated pressure contours and streamlines for the carrier gas jet near the substrate at the eight orientations used to simulate rotated deposition at a chamber pressure of 22 Pa, an upstream/downstream pressure ratio of 5.45, and a channel width of 16 mm. The pressure contours show that the local pressure was slightly increased in the interairfoil region for those orientations that allowed significant flow through the channel. The in-channel pressure decreased significantly at orientations where the channel was perpendicular to the flow direction (a ¼ 90 and 270
). The highest pressures was observed at the outer substrate surface nearest the nozzle for a ¼ 90 and 270 . In these regions, the flow stagnated against the substrate surface and led to an increase in local pressure. This dependence of the pressure near the external surfaces of the airfoils was similar to that recently observed during deposition on a single airfoil substrate. 34 Figure 5 also shows streamlines corresponding to locally averaged carrier gas atom trajectories. The streamlines were calculated with an initially uniform spacing of 0.96 mm along a line perpendicular to the gas jet located 50 mm upstream of the substrate's leading edge. The streamlines show that laminar flow was maintained around the doublet at all orientations, even when the flow met a nearly perpendicular substrate surface, Figs. 5(c) and 5(g). At these orientations, there was very little flow into the inner channel region of the substrate. In addition, the chamber region immediately downstream of the substrate was shadowed from the gas jet at all orientations, and gas flow in this region was reduced. At locations where a channel opening faced the gas jet (as in a ¼ 315 ), there was significant flow through the channel. Upon exiting the channel, the gas continued to flow primarily along the jet's axis (the direction of its initial momentum).
Contour plots of the vapor concentration at eight substrate orientations are shown in Fig. 6 for the same deposition conditions used for orientations. At these orientations, the vapor concentration was highest at the channel opening, and gradually decreased with distance along the channel's length as vapor was depleted by condensation onto the inner surfaces of the substrate. At the other orientations (a ¼ 90 , 135 , and 270 ), line-of-sight deposition onto the exterior surfaces was dominant, with very little vapor entered the interchannel region. Note that in all cases, a steep gradient in vapor concentration existed near the substrate surface.
Vapor atom streamlines representing locally averaged trajectories of vapor atoms are also shown on Fig. 6 . The streamlines show that the vapor traveled along laminar flow lines before deposition (by binary gas phase scattering) onto the substrate surface. In many cases, a significant amount of the vapor plume traveled beyond the substrate without deposition. Several streamlines also travel through the entire interairfoil channel consistent with no deposition. At orientations where the channel was transversely aligned to the gas jet (a ¼ 90 , 135 , and 270 ), very few vapor atom streamlines were present in the interairfoil channel region.
The variation in vapor atom concentration with deposition conditions is shown in Fig. 7 for the a ¼ 0 orientation case. The figure shows the effects of chamber pressure (which increases from the top to bottom) and pressure ratio (which increases from left to right). The concentration contours show that vapor penetration into the channel increased with both increasing pressure and pressure ratio. However, significant vapor concentration remained in the flow at the airfoil exit when the highest combinations of these variables, Fig. 7(i) , was used.
Vapor atom streamlines are also shown in Fig. 7 . At the lowest pressure ratio and chamber pressure, Fig. 7(a) , few if any streamlines traveled the entire interior channel length, indicating rapid depletion of the vapor by condensation onto the interior airfoil surfaces. At high-pressure ratios, Fig. 7(c) , more of the vapor streamlines traveled through the channel, indicating some vapor was not deposited on the interior walls. For high chamber pressures and low-pressure ratios, Fig. 7(g ), significant vapor concentration existed through most of the channel. Little of this vapor traveled through the channel without condensing upon the interior surfaces of the doublet substrate.
Variation of the interairfoil channel width also resulted in significant changes to the vapor flow. The vapor concentration contours and streamlines at channel widths of 8, 12, and 16 mm are shown in Fig. 8 for the case of a pressure ratio of 3 and chamber pressure of 16 Pa. At a width of 8 mm, the vapor concentration in the interairfoil region was quickly depleted by deposition onto the inner surfaces. As the channel width increased, the vapor traveled further through the channel. For a channel width of 16 mm, some vapor streamlines traveled through the entire channel indicating some vapor escaped without depositing on the substrate surface. Figure 7 indicates that vapor penetration into the channel increased with chamber pressure and pressure ratio. To investigate this, Fig. 9 shows the variation of vapor concentration and streamlines with channel width at a higher pressure ratio of 5, and an increased chamber pressure of 45 Pa. At a channel width of 8 mm, Fig. 9(a) , vapor penetration was significantly increased over the 16 Pa condition Fig. 8(a) . The vapor propagated further down the channel as the channel width was increased in both deposition condition cases. As a result, at the widest (16 mm) channel opening the fraction of the vapor in the interairfoil region that traveled through the channel without depositing increased as the chamber pressure and nozzle pressure ratio were increased.
B. Experimental depositions and comparison
To compare the experimental and DSMC simulation coating thickness trends, the experimental thickness and simulated deposition flux profiles along an airfoil surface were Each surface has a thickness versus position profile with a minimum value near the surface's midpoint and maxima at the trailing and leading edges of the airfoil; regions that remained in line of sight of the vapor source for a significant fraction of each rotation. The profiles on the exterior substrate surfaces had a higher average deposition efficiency and uniformity than those along interior surfaces. The coating thickness profiles on the exterior surfaces were similar to those deposited on rotated single airfoils; especially when the channel width was small. 34 Along the interior surfaces, the profiles were of similar shape, but exhibit larger variation between minimum and maximum values. The minimum deposition efficiencies along the interior concave and convex surfaces occurred in NLS regions where gas phase diffusion (by binary atom collision scattering) transverse to the streamlines was the dominant mechanism controlling deposition.
C. Simulated deposition efficiency profiles
The uniformity in coating thickness was significantly affected by the substrate channel width, as well as the pressure ratio used to form the gas jet, and the chamber pressure into which it propagated. To systematically investigate these effects, a local vapor deposition efficiency is defined as the ratio of the number of vapor atoms condensed upon a 1.06 mm wide segment along the concave substrate surfaces (or 1.14 mm wide segment on the convex surfaces) of an airfoil surface to the number of atoms emitted by the source. The variation of this local efficiency with position along each doublet substrate surface for the three channel width substrates is shown in Fig. 11 for the case of deposition into a chamber at a pressure of 16 Pa at a pressure ratio of 5.0. The deposition efficiency profiles along the outer surfaces, Figs. 11(a) and 11(b), varied little as the channel width was changed, and were quite similar to those along a single airfoil (until the substrate width exceeded that of the impinging vapor plume). 34 However, the efficiency of deposition onto the inner substrate surfaces, Figs. 11(c) and 11(d), were much more significantly affected by the channel width. The lowest deposition efficiency on each inner surface was located near the midpoint along these surfaces where the surface was most hidden from the sight of the source. This local deposition efficiency minimum exhibited a nearly tenfold increase as the airfoil separation width was increased from 8 to 16 mm, while the maximum deposition efficiencies near the endpoints of these surfaces remained similar for all channel widths.
The effects of varying the upstream/downstream pressure ratio upon the local deposition efficiency along both the inner and outer surfaces of a doublet substrate with a fixed 12 mm channel width at chamber pressure of 16 Pa are shown in Fig. 12 . Along the exterior surfaces, Figs. 12(a) and 12(b), the fraction of vapor that condensed upon the surfaces decreased with increasing pressure ratio (gas flow velocity). However, along the inner surfaces, Figs. 12(c) and 12(d), the fraction of vapor that condensed near the surface midpoint increased with increase in pressure ratio. Recall from Eq. (1) and Table I that increasing the pressure ratio increased the jet velocity. This enabled deeper penetration of the vapor plume into the channel (by reducing the time for transverse diffusion), Fig. 7 , while simultaneously increasing the fraction of vapor that flowed past the external doublet surfaces without condensing.
The effect of chamber pressure upon the local deposition efficiency is shown in Fig. 13 for a fixed channel width of 12 mm and pressure ratio of 5.0. The chamber pressure controls the rate of diffusion of the vapor atoms in the gas flow, 26, 33 and has a large effect on both the magnitude and shape of the local deposition efficiency profile on all of the surfaces. Figure 13 shows that the most uniform deposition profiles on all surfaces occurred at the lowest chamber pressure of 1 Pa. However in this case, the deposition efficiency along the inner surface was extremely small compared to that on the external surfaces, and virtually no vapor was deposited near the midpoint of the inner convex surface, Fig. 13(c) . It can be seen that increasing the chamber pressure to 10 Pa led to a rise in deposition efficiency on all surfaces. However, as the pressure was further increased toward 30 Pa, the exterior surface deposition efficiency decreased, Figs. 13(a) and 13(b), while the inner surface minimum efficiency remained unchanged. Further increases of the pressure to 100 Pa greatly reduced the surface deposition efficiency on all surfaces. It is noted that this high pressure simulation neglected gas-phase cluster formation, which can become significant as the chamber pressure rises. 10 To more comprehensively investigate the effect of both chamber pressure and pressure ratio upon a coating's thickness uniformity, the local deposition efficiency has been determined midway along the two the inner and outer surfaces of the doublet substrate. This is shown as a function of chamber pressure (from 0.01 to 100 Pa) in Figs. 14(a) and 14(b) for the inner concave and inner convex surfaces for pressure ratios of 3-10 using a channel width of 12 mm. The midpoint deposition efficiency (ratio of number of atoms condensed in the 1.06 mm wide region to the number evaporated from the source) on the inner concave surface, Fig. 14(a) , varied between 0.025% and 0.06% of the total number of evaporated atoms. At the lowest PVD-like chamber pressure of 0.01 Pa, 0.027% of the evaporated vapor atoms were condensed upon the 1.06 mm-wide midpoint surface region. This efficiency improved with increasing chamber pressure, reaching a maximum at a chamber pressure of 40 Pa before decreasing rapidly with further increase in pressure. The deposition efficiency on this concave inner surface also increased with increases in the pressure ratio for pressures near the peak in deposition efficiency.
The midpoint deposition efficiency on the inner convex surface, Fig. 14(b) exhibited a much larger variation than the inner concave surface, Fig. 14(a) . The midpoint surface region on the convex surface was only very briefly in the line of sight of the vapor source during rotation (when a was close to 180
). At the lowest pressure, the midpoint deposition efficiency was very close to zero, with almost no atoms reaching this surface region by a nonscattered path. The deposition efficiency then increased, at first slowly with chamber pressure before rapidly increasing as the pressure increased from 1 to 10 Pa. The deposition efficiency also reached a maximum at $40 Pa, before rapidly decreasing at higher pressures. Near the pressure of maximum efficiency, the midpoint deposition efficiency again increased with pressure ratio and reached levels that exceeded that for the inner concave surface.
Ideally, the ratio of midpoint deposition efficiency for the inner and outer convex (and concave) surfaces should be as close to unity as possible to achieve coatings of similar thickness. These ratios are shown in Figs. 14(c) and 14(d) for the concave and convex surfaces. The figures show that this ratio is sensitive to the deposition conditions. On the concave surfaces, the ratio remained constant with a value of 0.3, until the chamber pressure reached $7 Pa. Above this pressure, the ratio rapidly increased due to a much faster increase in deposition efficiency on the inner surface than on the exterior. The deposition efficiency ratio for the concave surfaces was also sensitivite to the pressure ratio, increasing toward unity as the pressure ratio and chamber pressure increased. The deposition efficiency ratio for the convex surfaces was much less sensitive to deposition conditions (to either chamber pressure or pressure ratio), Fig. 14(d) . The deposition efficiency ratio increased very slowly from near zero until a pressure of $1 Pa was reached. It then gradually increased to a value of $0.4 before declining as the highest chamber pressures were approached.
The total deposition efficiencies on the four surfaces are shown for several chamber pressures in Table III the table indicate that the continued increase of the ratio of midpoint deposition efficiency, found in Figs. 14(c) and 14(d) at the highest pressure ratios, resulted from a decrease in deposition efficiency on the external surfaces, rather than an increase in efficiency on the inner surfaces. The deposition efficiency on the inner surfaces also declined between 10 and 100 Pa, but at a lower rate.
IV. DISCUSSION A. Role of diffusive transport
The deposition conditions resulting in the best coating thickness uniformity along the inner substrate surfaces occurred when the vapor in the interairfoil channel had been fully depleted at the exit of the channel (either the trailing or leading edge, depending on substrate orientation). This situation is schematically illustrated in Fig. 15 , where the vapor concentration profile between the two interior channel surfaces is shown. The vapor was first depleted from the streamlines nearest to the substrate surfaces by gas phase scattering induced condensation. This created a concentration gradient across the channel width. As the flow progressed through the channel, multiple gas phase scattering events enabled transverse diffusion of the vapor into the vapor-depleted region, and this then condensed upon the interior surfaces further along the interior surface.
This balance between diffusion and convection can be expressed through a comparison of the flow time through the channel, T L , and the time required to for vapor to diffuse from the channel midpoint to a substrate surface, T r . The flow time, T L can be estimated by dividing the channel length, L, by the average flow velocity, u,
The diffusion time, Tr can be estimated from the onedimensional diffusion length for Fickian diffusion,
where r is half of the channel width and D is the coefficient of diffusion of a trace species through a background gas given by the Chapman-Enskog approximation,
where n g is the number density of the background gas, r, is the average collisional cross-section of the two species (tabulated in Ref. 39) , and m v is the mass of the vapor species. b is the square root of the ratio of carrier gas and vapor species molecular mass defined by
where m g is the mass of the background gas. D is inversely proportional to the background (deposition chamber) pressure. Depletion of the vapor concentration near the channel exit will occur when T r is similar to T L . To indicate the significance of diffusion to the vapor deposition, the carrier gas (top row) and vapor atom (lower row) velocities in the cross-channel direction are shown in Fig. 16 for several chamber pressures (left column) and three locations along the inner channel (right) column. The positive transverse direction was defined as being to the right of the channel midline, while the negative transverse direction was toward the left. For all pressures, vapor atom velocity is significantly higher than carrier gas velocity. Vapor atom velocities increase with decreasing pressure. This occurs due to the increase in diffusion coefficient with decreasing pressure, Eq. (4).
Both the carrier gas and vapor species transverse velocities are quite similar along the inner channel's length. The carrier gas and vapor atom transverse velocities are, respectively, shown in Figs. 16(b) and 16(d) . The orientation of the transverse velocities was determined at each location by calculating the direction of highest carrier gas velocity at the channel midpoint (which closely followed the local tangent of the channel's midline) and then determining the perpendicular angle. The results show that carrier gas flow varies by 625 m/s along the channel width. At the leading edge, there is a carrier gas flow toward the channel midpoint from each direction. However, at the channel midpoint, the carrier gas velocity is extremely low. There is almost no net movement in the transverse direction. Near the trailing edge, the carrier gas flows away from the channel midpoint, as the gas expands from the channel. The transverse vapor atom velocities do vary as much with location along the channel length. The profiles at the channel entrance and midpoint are quite similar, varying by less than 5 m/s across the channel width. The vapor atom velocity is skewed toward the positive transverse-direction at the trailing edge opening.
B. Coating thickness optimization
In a gas turbine engine, doublet airfoils are used in the first stationary vane stage after the gas flow exits the combustion chamber. 24 The four surfaces of such a doublet experience similar environmental conditions. If the coating at all points on the surface of a doublet guide vane are subjected to the same thermal boundary condition during operation, and the internal cooling is independent of position, the coating thickness over the entire surface should be as uniform as possible to avoid locally hotter locations. It is clear from the results shown above that this is never achieved using a constant rotation rate deposition at any pressure or nozzle pressure ratio investigated. However, a recent study 34 has shown that the thickness on the two sides of a single airfoil could be made more uniform through dynamic manipulation of the substrate rotation rate during each rotational period. It is therefore interesting to ask if an optimized nonuniform rotation rate could be found that minimized the difference in coating thickness (i.e., deposition efficiency) between the inner and outer convex, and inner and outer concave surfaces of the doublet airfoil substrate. To allow the substrate dwell time to be varied during a rotation, the simulated vapor deposition efficiencies at the eight stationary orientations were assigned a variable weight coefficient. The total deposition efficiency, j on each simulated surface region was then calculated as
where f m is the deposition efficiency at each of the eight orientation angles of the substrate, and a m is the orientation dwell time coefficient to be determined. The total deposition efficiency difference between each convex or concave pair of inner and outer airfoil surfaces is then expressed by summing the local efficiencies at the 40 measurement locations along each airfoil surface pair,
where j inner,n and j outer,n are the total deposition efficiency at each of the n substrate regions along the concave and convex surfaces (n ¼ 1-40 surface regions). The summation began at the convex and concave surface origins (near the leading edge) and proceeded along each surface toward the trailing edge (increasing n). The coefficients were constrained so that each deposition had a maximum allowable dwell time coefficient that was eight times larger than the minimum. Finally, the total deposition efficiency differences between each pair of inner/outer surfaces were summed to create the objective function,
where DJ convex is the total deposition efficiency difference between the inner and outer convex surfaces, DJ concave is the total deposition efficiency difference between the inner and outer concave surfaces, and w x and w v are weighting coefficients for the deposition efficiency difference for each surface pair. For the optimizations performed here, both w x and w v were set to 1.0. The resulting deposition efficiency profiles using the optimized rotation for a coating deposited at a chamber pressure of 45 Pa, a pressure ratio of 5.0, and channel width of 12 mm are shown in Fig. 17 and compared with the constant rotation result. The dwell fraction coefficients are given in Table IV . The concave surface coating thicknesses, Fig. 17(a) obtained using the optimal rotation rate sequence were thicker, and near the middle of the airfoils, more similar in thickness than those deposited using a constant rate of rotation. However, the deposition efficiency near the leading edge on the concave surface was much higher than the constant rotation case because of the additional time that this region remained in proximity to the vapor source, Table IV. The deposition efficiency along the inner and outer convex surfaces is shown in Fig. 17(b) . Again, the optimized rotation strategy increased the deposition efficiency on the inner surface while decreasing that on the outer surface, and combined to improve the deposition uniformity everywhere on the two surfaces. By comparing the optimized thickness profiles in Figs. 17(a) and 17(b) it is clear that the optimized process resulted in similar thickness coatings on all four surfaces with the proviso of a thicker leading edge coating on the inner concave surface, Fig. 17(a) .
The difference in thickness of a coating deposited upon either the inner and outer concave or inner and outer convex surfaces can be obtained using Eq. (7) applied to data such as that shown in Fig. 17 . As an example, Fig. 18(a) shows this difference in deposition efficiencies (integrated along the airfoil surface length) for concave and concave surfaces whose coatings were deposited at various chamber pressures using either a constant or optimized rate of rotation. Below a chamber pressure of 10 Pa, the constant rate and optimized rotation depositions resulted in identical deposition efficiency differences between the inner and outer surface pairs, Fig. 18(b) . In this regime, the ratio of optimized to constant rotation rate deposition efficiencies (again integrated over the length of the airfoil surface) for the inner and outer convex surface pair was unity below a chamber pressure of 10 Pa. The results in Fig. 18 (a) also show that the difference in coating thickness between the inner and outer surface pairs increased as the chamber pressure rose toward 10 Pa, and this could not be corrected by the optimization scheme. However, when the chamber pressure was increased above 10 Pa, the difference in integrated deposition efficiency between the inner and outer airfoil pairs, Fig. 18(a) , began to decrease rapidly toward zero. The decrease in thickness difference between the inner and outer surfaces also decreased more rapidly with increasing pressure when the optimized rotation scheme was used. The optimization procedure also resulted in a larger reduction in the deposition efficiency difference for the convex surfaces. During constant rotation, the outer convex surface had the highest deposition efficiency, while the inner convex surface had the lowest. Optimizing the rotation sequence greatly reduces this difference, often to a level that was below the difference between the outer and inner concave surfaces. These results indicate that this simple optimization scheme is best applied to deposition processes that operate at higher chamber pressures. It was unable to overcome the consequences of a long (compared to the channel width) vapor atom mean free path encountered with deposition at low pressures.
An undesirable reduction in total deposition efficiency along both the inner and outer surfaces was sometimes encountered with the optimized rotation scheme. In these cases, the efficiency difference was minimized by a reduction of the deposition efficiency on both surfaces. Figure  18 (b) shows the ratio of optimized to constant rotation deposition efficiencies integrated along the inner and outer convex surfaces. A ratio less than unity indicates that the optimization procedure reduced the amount of vapor deposited during deposition. It can be seen that the improved coating uniformity in Fig. 18(a) for the convex surfaces was actually accomplished by a reduction of the thickness on the outer convex surface when the optimization scheme was used.
The optimized dwell fractions calculated for several representative chamber pressures are shown in Table IV . At all pressures, the optimization process led to increases of the dwell time fraction at orientations where the substrate's channel was at least partially aligned with the incident vapor jet (0 , 45 , 225 , and 315 ). The dwell time fraction was correspondingly reduced for the orientations where the axis of the inner channel was predominantly transverse to the gas jet axis. It is also evident that those orientations with the largest dwell time fractions had dwell times that varied the most with changing chamber pressure.
C. Channel width effects
The difference in the thickness of the coatings deposited upon the inner and outer concave and convex surfaces of the airfoils (using either the constant or optimized rotation scheme) varied both with pressure and with the channel width between the airfoil pairs. To illustrate this, simulations using both optimized and constant rotation were conducted for the three doublet airfoil substrates with channel widths of 8, 12, and 16 mm as a function of chamber pressure (between 1 and 100 Pa) using a pressure ratio of 5, Fig. 19 . It can be seen that the difference in thickness decreased with chamber pressure, and the optimized depositions usually exhibit smaller differences in thicknesses than their constant rotation counterparts do. The most significant reductions (by up to a factor of 4) occurred for the convex surfaces. Improvements through use of the optimization scheme were substantially reduced on the concave surfaces. It is also evident that as the channel gap decreased to 8 mm, the utility of the optimization scheme decreased. At a channel width of 8 mm, Fig.  19(a) , the optimization schemes advantage over constant rate deposition was only significant at chamber pressures between 30 and 50 Pa. During all these optimizations, w x and w v were both set to 1.0. Tests using other values of w x and w v improved the uniformity for one pair of surfaces, but at the expense of reduced uniformity for the other pair.
The above optimization method demonstrates an important issue with deposition onto complex substrates: it is difficult (or sometimes impossible) to isolate deposition onto a subset of substrate surfaces. For example, to improve deposition onto the inner convex surface, the substrate must be oriented for vapor to pass between the leading or trailing edges. However, at these orientations there is significant deposition onto other surface regions near the leading or trailing edges. Optimizing coating thickness along comparable surfaces is possible, but may not result in optimum total uniformity. The small Reynolds numbers found under these deposition conditions (Re < 10) prevents the manifestation of nonlaminar flow patterns that might enable more selective deposition patterns. Finally, while the use of higher chamber pressures enables more confined vapor plumes with better tuned flow patterns, it also promotes the formation of vapor clusters that may be detrimental to the coating process. 10 
V. CONCLUSIONS
The mechanisms controlling deposition in doublet guide vane channels have been studied. The results show that deposition uniformity can be improved by varying the gas velocity, substrate geometry, and chamber pressure. The directed vapor deposition process was shown to be capable of depositing a thermal barrier coating around the entire surface of a model doublet guide vane. Coating uniformity can be adjusted by modifying the deposition conditions, and was found to be governed by the ratio of flow distance along the channel and to the transverse diffusion distance to the channel walls. The study has also revealed that:
(1) Substrate rotation was necessary to obtain a continuous coating around a doublet guide vane surface. (2) For a channel width of 12 mm, deposition efficiency on the inner surfaces was greatest at a deposition chamber pressure of 45 Pa using a high gas jet velocity. (3) Deposition efficiency on the inner surfaces decreased dramatically as the channel width between airfoils was reduced to the gas-phase mean free path. (4) A nonuniform rotation pattern was able to improve coating thickness uniformity between interior and exterior substrate surfaces.
